B
anded iron formations (BIFs) are iron-rich (~30 wt%) and distinctively layered chemical sediments that were widely deposited in the Neoarchean to early Paleoproterozoic oceans, between 2.8 and 2.4 billion years ago 1, 2 . So far, they have been mainly related to hydrothermal plume activity [3] [4] [5] [6] , the evolution of continental shelves 7, 8 , diagenetic and microbial iron cycling 9-11 and the rise of oxygen in the oceans and atmosphere 12, 13 . In contrast, very little is known about the possible link between climate variability and BIFs.
Here we focus on the potential influence of Milankovitch forcing on the formation of BIFs. Secular climate variations (10 4 -10 6 yr scale) induced by cyclic changes in the Earth's orbit and inclination axis must have been operating at that time 14 and may explain the rhythmic layering observed in BIFs 15, 16 . However, evidence for Milankovitch cyclicity in BIFs has never been conclusively presented, despite claims for the presence of seasonal 3, 17, 18 or tidal 19 laminations and eustatic sea level alternations 3, 20 suggesting climate control. A key problem is the uncertainty in BIF depositional rates due to the lack of high-quality radioisotopic ages. Currently available U-Pb SHRIMP ages 21, 22 are insufficiently precise and accurate to independently test a potential Milankovitch origin for stratigraphic rhythms in BIFs.
For this reason, we carried out a cyclostratigraphic study combined with high-precision chemical-abrasion isotope-dilution thermal ionization mass spectrometry (CA-ID-TIMS) U-Pb zircon dating of the early Paleoproterozoic Kuruman Formation in the Griqualand West Basin, South Africa (Supplementary Text 1). This 200 m thick BIF succession is a suitable target for exploring our Milankovitch working hypothesis, because it contains several volcanic ash layers 22 , which can be dated with high accuracy and precision using U-Pb high-precision isotope-dilution techniques, and shows rhythmic bedding on multiple scales 23,24, . Previous observations from the Kuruman BIF were solely based on drill cores 16, 25 . Instead, we concentrated on field exposures, as stratigraphic changes in composition are often visually enhanced by the effects of weathering.
Cycle hierarchy and possible origin
Field exposures of the Kuruman BIF show clearly defined, regular alternations in the weathering profile (Fig. 1, Supplementary Figs. 1  and 2 ). More specifically, a rhythmic alternation is visible between well-exposed, protruding BIF, and deeply weathered, poorly exposed intervals. The weathering-resistant intervals tend to form steep cliffs, whereas the unexposed sections form gentle slopes, thus causing variations in relief. These alternations occur on two distinct scales, namely at about 5 m and 20 m, producing a hierarchical stacking pattern with typically two to four indurated ridges grouped together into larger scale bundles. Lithological observations indicate higher concentrations of iron oxide-rich beds in the indurated and iron carbonate-rich beds in the soft intervals ( Supplementary  Fig. 3-5 ). This is supported by X-ray fluorescence (XRF) data (Supplementary Table 1) .
The alternations form a characteristic pattern that is laterally continuous over 250 km. Starting in the Kuruman Hills at Kuruman Kop, we identified a characteristic succession of alternations, which we could trace southwards over more than 60 km (along the road from Kuruman towards Daniëlskuil). We subsequently recognized the same pattern near Prieska, 250 km towards the south. In total, we logged eight characteristic bundles (labelled 1-8), each made up of a number of exposed intervals (labelled a-d) with a typical weathering profile expressed in terms of 'relief ' (Supplementary Text 2). Proposed correlations are shown in Fig. 2 .
Spectral analysis results suggest a cyclic origin for the two scales of alternations observed in the Kuruman BIF weathering profile. Multitaper method (MTM) spectra with classical AR1 and Fig. 8 ) and evolutive harmonic analysis (Fig. 3b) indicate that the pronounced peak splitting (double peaks) in the two main frequency bands (Fig. 3a) are due to time-depth distortion. In Fig. 3b , the two high-amplitude peaks in the lower portion of the stratigraphy show a systematic shift towards higher frequencies between cycles 3b and 5a, suggesting an upward decrease in depositional rate.
Our cyclostratigraphic results strongly argue for a Milankovitch influence on the formation of the Kuruman BIF. The discovery of rhythmic alternations that are continuous over 250 km forms direct evidence for widespread, cyclic palaeoenvironmental changes affecting the deposition. Astronomical climate forcing is the only mechanism that can explain the cyclic nature and hierarchical ordering of the characteristic alternations. Moreover, the systematic shift of the two dominant wavelengths with stratigraphic height (Fig. 3b ) and the observed amplitude-modulating relation in their bandpassfiltered signals (Fig. 2 ) cannot be attributed to an autoregressive noise source and therefore provide strong supporting evidence for an astronomical origin of both cycles. A possible argument against our Milankovitch interpretation is the somewhat lower confidence levels of the 16-22 m components (Supplementary Table 2 ), but this can be explained in a number of ways (Supplementary Text 5) .
From a cyclostratigraphic Milankovitch perspective, there are a few ways to interpret the distinct 1:3 to 1:4 cycle ratio that we observe in the Kuruman BIF. The most logical candidate is the combination of the Earth's short (100 kyr) and long (405 kyr) eccentricity cycles (Hypothesis 1). Both cycles are known to have a strong stratigraphic imprint as amplitude modulators of the climatic precession cycle 27 . Moreover, their periods are thought to be relatively robust in deep time. In particular the 405 kyr cycle is considered very stable, resulting from the combination of the precessional motions of the perihelia of Venus and Jupiter (g 2 − g 5 ) (ref. 28 ). Alternatively, the pattern could be linked to the superposition of the 405 kyr and moderately strong, very long (now 2.4 Myr) eccentricity cycle (Hypothesis 2). In contrast to the 405 kyr cycle, the very long 2.4 Myr eccentricity cycle related to g 4 −g 3 is unstable, because of the chaotic secular resonance associated with (s 4 −s 3 ) − 2(g 4 −g 3 ) (ref. 29, 14 ); this resonance involves the fundamental planetary frequencies of the precessional motions of the perihelia and nodes of Earth (g 3 and s 3 ) and Mars (g 4 and s 4 ). As a consequence, its period may become shorter than 2.4 Myr, possibly down to 1.2 Myr (refs. 30, 31 ). In this case, a shorter period around 1.2-1.6 Myr would fit the observed 1:3 to 1:4 ratio in the Kuruman BIF. Other Milankovitch options that include precession or obliquity are unlikely since they do not match the observed ratio between the two cycles (Supplementary Text 6). Precise and accurate U-Pb geochronology should be able to distinguish between options 1 and 2.
Uranium-lead ages and link to long-period eccentricity
To obtain such high-precision U-Pb ages, we sampled different shale levels within the Kuruman BIF. Euhedral ash fall zircon crystals were extracted from four stilpnomelane lutite intervals from the GASESA-1 and UUBH-1 drill cores, spanning the entire stratigraphy (see Methods). All of the extracted zircon crystals were chemically abraded to remove the effect of decay-damage-related Pb loss and dated using CA-ID-TIMS techniques. However, since the grains were small (100-50 μm) and metamict, only moderate chemical abrasion was possible to avoid complete dissolution. Therefore, significant Pb loss is still observed in most grains. Fortunately, at least one grain from each sample gave concordant results (where both U-Pb geochronometers agree within uncertainty), which provides a high level of confidence in the calculated age. Only concordant analyses were used to calculate the BIF (Fig. 4a) . Our new high-precision ages are in general agreement with previously published ages 22 , although they are about 10-20 times more precise, allowing a significantly better estimation of the depositional rate. The depositional rate was estimated using the Bayesian model Bchron 32 and suggests an extremely consistent average rate of 10 ± 10 m Myr −1 for the 200 m of Kuruman BIF deposition ( Fig. 4b and Supplementary Fig. 10) .
The average accumulation rate of 10 ± 10 m Myr −1 for the Kuruman BIF yields periods of 430-630 kyr and 1.6-2.2 Myr for the characteristic alternations and bundles, respectively. These periods are very close to and within the uncertainty of the Earth's long (405 kyr) and very long (between 1.2 and 2.4 Myr) eccentricity cycles. In contrast, all other Milankovitch hypotheses are in conflict with the U-Pb results since they require depositional rates above the 20 m Myr −1 upper limit. Therefore, the consistency between the U-Pb and the cyclostratigraphic results strongly argues for Hypothesis 2.
Tying the small-scale alternations to the stable 405 kyr cycle, a 1:3 to 1:4 cycle ratio would suggests a period between 1.2 and 1.6 Myr for the very long eccentricity cycle. This is shorter but within uncertainty consistent with the average 1.6-2.2 Myr period constrained by the U-Pb results. Bandpass filtering (Supplementary Fig. 8) suggests that the actual cycle ratio lies between 1:3.5 and 1:4, implying periods between 1.4 and 1.6 Myr for g 4 − g 3 . Tuning the 4.5-6.1 m wavelengths in the Whitebank spectrum to the 405 kyr cycle ( Supplementary Fig. 9 ), we similarly obtain values between 1.4 and 1.6 Myr. The fact that bundle 2 contains four exposed ridges (2a-d) may even suggest a minimum ratio of 1:4 and a period of 1.6 Myr for very long eccentricity, since a fourth alternation should then be present in each bundle but is simply not exposed (that is, it is hidden in the softer intervals in between the bundles). Irrespectively, it is clear that g 4 − g 3 has a period smaller than the present-day 2.4 Myr and probably larger than 1.2 Myr. Similarly reduced periods around 1.6 Myr for the g 4 − g 3 cycle have been found in other cyclostratigraphic studies on Mesozoic to Palaeozoic strata 33, 34 indicating chaotic planetary behaviour.
In contrast to the long and very long eccentricity cycles, the expression of the climatic precession and short eccentricity cycle is not clear from our weathering profile logs and may point to a significant nonlinear response 35 . Nevertheless, short eccentricity might be represented by some of the splitting up we encountered in specific horizons, such as 2b, 3a, 3b, 5a, 6a, and 6b. Our logs are not detailed enough to resolve the precession-related cycles, with an expected thickness of approximately 10-15 cm (Supplementary Text 6) . The Kleine Naute shale marks the bottom of the Kuruman Formation. However, its stratigraphic position with respect to our characteristic cycles is inferred from correlations with drill core, because it does not crop out in the field.
ii Bundles 7 and 8 are part of the uppermost Ouplaas Member of the Kuruman Formation in the Daniëlskuil-Kuruman area ( Supplementary Fig. 4 ). Figs. 2 and 4) . b, Detail of cycles 2-4 in section WS showing lithological observations (left) and XRF results (right). Yellow colours indicate carbonate-dominated intervals, blue colours the oxide-dominated intervals (see Supplementary Fig. 4 for a complete legend).
Link to basin history, australian BiF and climate
We are not the first to discover metre-scale variability in the Kuruman BIF. Our 405 kyr-related alternations share parallels with Beukes's 16, 24 macrocycles previously identified in drill core. These comprise a vertical sequence of stilpnomelane lutite, siderite-and subsequently magnetite-haematite-facies BIF occurring "on the order of 1-10 m". In addition, the superposed megacycles that were distinguished (Fig. 5 in ref . 16 ) show a striking resemblance to our characteristic bundles. Yet Beukes's macro-and megacycles hinge on the occurrence of thin stilpnomelane lutite beds and are linked to volcanic activity. In contrast, our cycles are determined by relative alternations in iron oxide versus iron carbonate content and are linked to eccentricity forcing. According to Beukes's observations, the stilpnomelane lutite intervals predominantly occur in the iron carbonate-rich intervals; however, we were unable to incorporate the lutites in our current lithofacies model due to their poor field exposure.
Our cyclostratigraphic correlations (Fig. 2) further have direct consequences for the Griqualand West basin history. Previous studies 16, 24 have temporally linked 200 m of Kuruman BIF stratigraphy (and its characteristic megacycles) in the Kuruman-Daniëlskuil platform area to more than 600 m of Kuruman BIF in the southern basinal part (for example Figs. 10 and 11 in ref. 16 ). However, we observed the same cycle thicknesses and characteristic pattern in the lower 200 m of Kuruman BIF in the southern Prieska section, implying that (1) accumulation rates were essentially the same as in the northern Kuruman-Daniëlskuil region and that (2) the much larger thickness in the south is likely due to prolonged sedimentation of Kuruman BIF in that area or, alternatively, by condensation or erosion in the northern platform region.
The 140 m thick and roughly time-equivalent 22, 36 Dales Gorge Member BIF (Hamersley Basin, Western Australia) exhibits similar lithological variations 24 for which a Milankovitch origin has now become a plausible scenario. Its characteristic 17 BIF-S macrobands comprise iron oxide-dominated (BIF) and silicate-and carbonatedominated (S) or shale bands 5,15,37,38 between 2.3 and 15 m and between 0.6 and 5.5 m thick, respectively, and have been correlated over the entire outcrop area. Moreover, wavelet analysis on magnetic susceptibility drill-hole data 39 has revealed clear periodic signals in the 5-6 m and 15-20 m ranges associated with the macrobanding. These results hint at the presence of cycles similar to those observed in the Kuruman BIF. If interpreted in the same way, the very regular, 15 cm thick Calamina cyclothem 15 in the Dales Gorge Member has the expected thickness of a precession-related cycle. This may be an important extra argument for our preferred interpretation of the Kuruman BIF cyclostratigraphy.
At this stage, we can only speculate about potential climate mechanisms for Milankovitch forcing of BIF. The dominance of eccentricity hints at a low-latitude climate control. Monsoonal systems are known to respond strongly to precession-eccentricity forcing 40 , with eccentricity modulating the precession amplitude, and were probably present during the Phanerozoic 41, 42 and Proterozoic 43, 44 as well. Recently, approximately 5 m scale variations in Fe-Nd isotopes from the Dales Gorge Member were linked to oscillations in Fig. 7) . b, EHA amplitude (three 2π; 30 m window) and MTM power spectrum (top) for the log of section WB (left). White arrows mark the frequency shift of the two main high-amplitude components between cycles 3b and 5a (mean periods are indicated in metres).
riverine versus hydrothermal (marine) iron 45 , parallel to the S-BIF alternations, respectively. Continental runoff and ocean circulation are both mechanisms that can be strongly dependent on monsoonal intensity. Going one step further, monsoonal-enhanced iron or nutrient supply could have triggered photosynthetic or photoferrotrophic activity in the ocean's photic zone, leading to increased iron oxide production and accumulation on the seafloor. Alternatively, nutrient availability could have stimulated biological productivity, organic carbon production and subsequent formation of iron carbonates in the sediment via dissimilatory iron reduction 10 . However, the phase relations between precession, eccentricity and the chemical alternations in the Kuruman BIF are still unknown, yet they are crucial for any first-order climate interpretation.
We have demonstrated that Milankovitch-induced climate cycles exerted a major control on the deposition of the early Paleoproterozoic Kuruman BIF. The fact that this primary signal is still present within the stratigraphy has direct implications for BIF depositional models, and encourages the use of BIFs as a climate proxy for the early Earth's pre-and syn-oxygenated environment. We have further shown that our cyclostratigraphy combined with highprecision U-Pb dating allows for basin-scale correlations for this time period with a much higher temporal resolution (10 5 yr instead of 10 6 yr), which may facilitate future basin analysis. Moreover, the identification of 405 kyr and approximately 1.4-1.6 Myr eccentricity cycles provides new geological constraints on Solar system planetary behaviour in deep time.
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